Two spatially resolved oximeters, NIRO-300 and OM-200, were compared with regard to the measurement of oxygen saturation values in two forearm muscle groups at rest and during arterial occlusion in nine healthy volunteers. There was a significant correlation between the muscle oxygen saturation values obtained at rest using the two oximeters (n l 33, r 2 l 0.43, P 0.0001), whereas these values were significantly different during arterial occlusion. Thus, although there was good agreement between muscle oxygen saturation values measured using the two oximeters, the operating range of the tissue oximeters should be recognized and indicated.
INTRODUCTION
Commercially available tissue oximeters measure brain and muscle haemoglobin oxygen saturation by exploiting different near-infrared spectroscopy (NIRS) approaches [1] . Most of these instruments also measure concentration changes in oxyhaemoglobin (O # Hb) and deoxyhaemoglobin (HHb). Recently, some articles on comparisons of the performance of different oximeters, based on intensity changes at fixed spacing, have revealed their limitations in detecting variations in cerebral oxygen saturation [2] [3] [4] [5] [6] . More recently, spatially resolved spectroscopy (SRS), which is based on intensity changes at multiple spacing, was introduced [7, 8] . In particular, the NIRO-300 oximeter (Hamamatsu Photonics, Hamamatsu-City, Japan) has been calibrated in vitro on tissue-like phantoms [7] , and tested in vivo during Key words: near-infrared spectroscopy, non-invasive measurement, oximetry, oxygenation, spatially resolved spectroscopy. cardiopulmonary bypass in patients and experimental animal models [9] [10] [11] . In those studies brain haemoglobin oxygen saturation was compared with global oxygen saturation measured by jugular bulb oximetry. However, there was no significant relationship between the two measurements, probably due to dissimilar tissue sampling. In contrast, a good agreement between forehead haemoglobin oxygen saturation and cerebral venous oxygen saturation (measured by transient venous occlusion in the same cerebral region) was recently found in human volunteers breathing room air [12] . In view of the lack of an ideal gold standard for brain oxygen saturation measurements, SRS oximeters have also been tested on forearm muscles, in which oxygen saturation can be consistently decreased upon prolonged arm arterial occlusion [7] .
The aim of the present study was to compare the performance of two commercially available SRS oximeters for the detection of oxygen saturation values in two forearm muscle groups at rest and during arterial occlusion. The study might identify some possible limitations of these oximeters in clinical use.
METHODS
The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. The study protocol was approved by the Ethics Committee of the University of L'Aquila. Informed consent was obtained from each subject after a full explanation of the nature of the procedure to be used and the non-invasiveness of the study. Nine healthy volunteers, all male and with a mean age of 25p3 years (age range 21-32 years), were studied. Two SRS oximeters were used : the four-wavelength NIRO-300 and the three-wavelength OM-200 (Shimadzu Corp., Kyoto, Japan). The design and features of these oximeters have been described previously [7, 8] . As recommended previously [13] , the accuracy of the TOI (tissue oxygen saturation obtained using the NIRO-300 oximeter) and SdO # (tissue oxygen saturation obtained using the OM-200 oximeter) data has been verified in a uniform medium by the manufacturers. In the case of the NIRO-300, oxygen saturation was measured simultaneously by NIRS and co-oximetry in a phantom consisting of human blood, Intralipid and water. In the phantom, oxygen saturation was decreased gradually, from 100 % to approx. 10 %, by the oxidative metabolism of the yeast added to the solution. In six experiments the correlation coefficient between NIRS and co-oximetry data was excellent (r# 0.97) [7] , demonstrating the validity, in a uniform medium, of the NIRO-300 algorithm based on SRS theory [14] . In the case of the OM-200, the algorithm used to calculate oxygen saturation, also based on the SRS approach, has been found to be valid using a phantom consisting of water, Intralipid and different amounts of oxygenated and deoxygenated red blood cells (RBCs). Volumes of oxygenated and deoxygenated RBCs were varied in nine steps (from 0 to 60 µM haemoglobin). Thus the measured haemoglobin was found to be linearly related to the amount of added RBCs (r# 0.998). In the range 10-60 µM, the values for oxygenated RBCs agreed (within 6 %) with the theoretical values, while those for deoxygenated RBCs showed slightly, but consistently, lower values (typically 10 %), probably due to the differences in the assumed HHb absorption coefficients (Shimadzu Corp., personal communication).
For the NIRO-300, the optical probe consisted of one emitter and one detector (comprising three separate sensors) placed 4 cm apart. For the OM-200, the optical probe consisted of two separate detectors fixed at 2.5 cm and 4 cm from the emitter. Both oximeters provide tissue oxygen saturation ( %), as TOI (NIRO-300) and SdO # (OM-200), and relative concentration changes in O # Hb and HHb. In the optical probe, the two optodes (distal end of the emitter and the detector) were kept at a constant distance and geometry by a rubber shell that, in turn, was firmly attached to the skin by double-sided adhesive sheet. All measurements were performed with the subject in a supine position. Arterial oxygen saturation was monitored in the forehead (Nellcor 200 ; Mallinckrodt Co., Hazelwood, CO, U.S.A.). The NIRO-300 optical probes were placed on the main body of the right brachioradialis and flexor digitorum. The OM-200 optical probes were placed on the left brachioradialis and flexor digitorum. Sampling time was 1 s. A pneumatic cuff was placed around each arm, above the elbow. The cuffs were inflated up to 260 mmHg for 8 min in order to induce an arterial occlusion. Before repeating the protocol, all optical probes were removed, exchanged (NIRO-300 and OM-200 optical probes on the left and right forearm respectively) and repositioned exactly in the same locations as used previously. Adipose tissue thickness underlying the monitored areas of the two muscle groups was measured by a skinfold caliper.
The data are presented as meanspS.D. Data were analysed by paired Student's t-test and two-way ANOVA for repeated measurements (Scheffe! F test). Statistical analysis was performed using StatView for Windows Version 4.54 (Abacus Concepts, Inc., Berkeley, CA, U.S.A.) software. Statistical significance was accepted at P 0.05. The Bland and Altman method was used to determine the agreement between results from the two oximeters [15] .
RESULTS
Arterial oxygen saturation remained unchanged during the study. Skinfold thickness of the brachioradialis was significantly greater than that of the flexor digitorum (6.0p1.7 and 4.3p1.0 mm respectively ; P 0.0001).
The TOI values at rest (1-min average) were 68.7p5.2 % (n l 18) and 65.6p5.6 % (n l 18) in the brachioradialis and flexor digitorum respectively. Only 33 out of the 36 OM-200 measurements were included in the analysis, because of three failures in collecting data.
The SdO # values at rest (1-min average) were 72.1p8.1 % (n l 17) and 69.6p8.5 % (n l 16) in the brachioradialis and flexor digitorum respectively. The TOI value was significantly lower than the SdO # value in the brachioradialis (P l 0.021), but not in the flexor digitorum (P l 0.058). There was a significant correlation between the oxygen saturation values obtained using the two oximeters (n l 33, r# l 0.43, P 0.0001). For the agreement test, the average of the oxygen saturation values provided by the two oximeters was plotted against their difference Tissue oxygen saturation 
DISCUSSION
NIRS has been used for assessing cerebral oxygenation non-invasively, especially in the fields of neonatology, anaesthesiology, neurology and cardiac surgery [1] . The technique has also been used to measure muscle oxygenation in exercise pathophysiology [16] . Although it has been demonstrated that cerebral oxygen saturation measured by SRS is not influenced by the haematocrit value [11] , few data are available on the reliability of SRS at very low tissue oxygen saturations. The main finding of the present study is that there is good agreement between muscle oxygen saturation values measured by two different SRS oximeters (NIRO-300 and OM-200). However, 3.5 % bias was found in the range 55-85 %. During arterial occlusion, both oximeters clearly revealed the difference in desaturation patterns between the two muscle groups. This could be due in part to the difference in oxygen consumption and adipose tissue thickness [17] . However, unexpectedly, both oximeters measured negative values of SdO # and TOI 5 min after the beginning of complete arterial occlusion. This suggests a lack of reliability at very low oxygen saturation values of the two tissue oximeters, which use SRS algorithms validated in uniform media. Before the introduction of improved algorithms, the operating range of the SRS oximeters should be recognized and indicated, as in pulse oximetry [18] .
